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Abstract 
In a context where the sustainability of food chains and food waste prevention are subjects of interest for public authorities and 
professionals, it is important to assess if these new objectives of food policy are compatible with food safety. The objective of this 
work was to develop a global model for a ready-to-eat meat product that provides three different outputs, i.e. energy consumption, 
percentage of spoiled products and exposure levels of Listeria monocytogenes. First a cold chain model was developed. The cold 
chain model was then coupled with (i) predictive microbiology models and (ii) energy consumption models for cold equipments. 
Various scenarios were tested for assessing the consequences of potential changes in cold chain equipment on safety, food waste 
and energy cost. This global approach could help policy makers in decision making. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
In the food safety field, quantitative microbial risk assessment (QMRA) has been applied for many years. The 
QMRA approach is primarily aimed at assessing the influence of different control measures on level of safety, rather 
than an absolute assessment of risk. QMRA can thus provide an objective and scientific basis for risk management 
decisions. However, a whole and integrated public health assessment also depends on other elements of the different 
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potential control measures. In Europe, concerns about sustainability of food chains have emerged. Food sustainability 
is becoming an increasingly important issue because food systems are not sustainable in terms of their consumption 
of resources, their impact on ecosystems or their effect on health and social equality1. This interest on sustainability is 
confirmed by the growing number of call for research projects dedicated to the topic. Cold chain is involved in the 
three dimensions of sustainability (environmental, economic and social).  The fight against food losses and waste is 
also one of policy priorities in European Union. In France, following the national pact against food waste, different 
actions have been launched (including communication to consumers). Thoughts about possible evolution are in 
progress. One of them is about modification of food shelf-life. Therefore, operators of the food industry and consumers 
now receive recommendations on food security, energy economy or waste prevention. One can question on the 
potential contradictions between these recommendations. The objective of the present work is to quantify their impact 
on energy consumption, the risk for consumers and percentage of products discarded due to spoilage. The methodology 
was applied on sliced cooked ham. 
2. Materials and Methods 
2.1. Cold chain description and simplified heat transfer model for equipments 
Fig. 1 presents the cold chain of sliced ham after production in a plant. A pack of 160g containing 4 slices with a 
shelf life of 30 days was considered. The probabilities of packs to be transferred from one equipment to another were 
estimated from investigations dedicated to characterize cold chain logistic2. The simplified models used for each 
equipment in the cold chain were based on the zonal approach. The number of zones in refrigerating equipment was 
derived from the results of CFD simulation (Computational Fluid Dynamics)3. The knowledge of temperature and 
velocity fields in the equipment leads to the definition of a zonal model which represents the principal phenomena 
observed by the CFD but in a simplified manner. The load located in each zone is represented by an overall 
temperature. First, the steady state load temperatures are determined in each zone. Then, the temperature evolution of 
the food product is calculated. 
 
 
Fig. 1. Cold chain logistics of cooked ham products 
2.2. Microbiological models 
Spoilage was assessed by modelling the growth of lactic acid bacteria (LAB). The percentage of products spoiled 
at time of consumption was used as an indicator of food waste. A secondary model was used to predict the growth of 
LAB in dynamic conditions and describe the effect of environmental conditions (temperature and physico-chemical 
of cooked ham)3. The initial contamination levels of LAB and the concentration at which spoilage occurs were inspired 
from literature4. Risk level was assessed through exposure assessment of Listeria monocytogenes. The secondary 
growth model, initial contamination as well as products characteristics have been described previously5. Competition 
between L. monocytogenes and LAB was taken into account with a Jameson-effect model. The percentage of products 
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at time of consumption above 100 CFU / g and not spoiled was used as a safety indicator. 
2.3. Model of energy consumption of refrigerating equipments 
A model of energy consumption was developed to evaluate the impact of the change of operating conditions and 
equipment design (for example, thermostat setting temperature in domestic refrigerator, flowrate of air curtain of 
display cabinet etc.). The consumption was calculated from the refrigerating power (allowing the product to be 
maintained at a desired temperature), the energy necessary for product cooling in equipment, COP (Coefficient of 
Performance) and the efficiency of the cold production machine. Different models were used for closed equipment 
(refrigerated vehicle, cold room and domestic refrigerator) and for open equipment (display cabinet). The energy 
consumption of equipment was dispatch on products according to their relative weight. 
2.4. Scenario testing  
Six scenarios were further tested (Tab. 1). Scenarios #1(better setting of temperature) and #2 (RTE foods products 
placed in the colder zone of the fridge) were directly inspired by recommendations given to consumers relative to food 
safety. Scenarios #3 and #4 come from recommendations given for energy saving. Scenario #5 (encourage consumers 
to establish a menu for the week) and #6 (encourage consumers to eat the products even close to the use-by-date) are 
derived from advices often advanced for limiting food waste.  
3. Results and Discussion 
3.1. Cold chain model and energy consumption 
The cold chain model allows generating time-temperature profiles as a function of (variable) operating conditions 
(e.g. ambient temperature, thermostat setting, airflow rate in display cabinet…). For baseline scenario, the actual 
operating conditions associated to simplified model lead to predicted temperature levels consistent with measured 
temperatures in refrigerated trucks, at retail or in consumer fridges. Display cabinet at retail and refrigerator represents 
respectively 58% and 41% of the energy used to maintain cold temperatures. 
  
 
Fig. 2. (a) Classification of cold ham packs at time of consumption for scenario #0; (b) proportions of “not safe”-not spoiled products in delimited 
time-temperature conditions. 
3.2. Results of scenarios for safety and spoilage  
Each cooked ham pack can be classified according to LAB and L. monocytogenes concentrations (Fig. 2a). For 
baseline scenario (#0), the number of non-complying products based on the safety criterion of 100 CFU / g represented 
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1.23% of total number of products, which is consistent with the percentage of the survey conducted in Europe for the 
meat products, cooked ham included. Because half of these products are also spoiled, the percentage of consumed 
“not safe” product is 0.6% (Tab. 1). The majority of these products correspond to storage times longer than 5 days in 
the refrigerator and temperature above 6°C (Fig. 2b). Tab.1 presents the impact of the scenarios on the number of “not 
safe” and spoiled products and on energy consumption attributable to the product. The proportion of “not safe” and 
spoiled products could be mitigated by 43% and 59%, respectively, if the domestic fridge was set at the recommended 
temperature (4°C; scenario #2). However, it would slightly increase the energy consumption (+10%). A simple way 
for consumers to ensure products safety without additional energy consumption would be to place RTE in the cold 
zone (bottom) of the domestic fridge, thus, proportion of “not safe” and spoiled products would be reduced by 16 and 
26%. The use of more efficient refrigerator would save 31% of energy consumption without any impact on food safety 
and waste (scenario #4). Energy consumption could also be slightly reduced by setting domestic fridge temperature 
at 7°C (mean temperature) but the proportion of “not safe” products would increase by 30% (scenario #3). Scenarios 
#5 and #6 show the high impact of consumer behavior on food safety and waste, those two scenario consist in setting 
the duration in domestic refrigerator at 3.4 and 5.4 days, respectively, instead of 4.4 days in the reference scenario #0. 
A weekly menu planning used by consumers would reduce the storage duration at home (by 1 day in this scenario) 
and lead the proportion of spoiled products by 57%. The energy consumption is also slightly reduced, however, 
attention must be paid on the approach that calculates only the energy consumption attributable to the product only, 
in real case, absolute consumption of domestic refrigerator would not change. Further research in the development of 
this approach and energy consumption of refrigeration equipment has to be performed. More detailed models will be 
used in the future. 
 Table 1. Assessment of potential recommendations given to consumers on safety, food waste and consumption energy. 
Scenario Recommendations related to Proportion of not “safe” - 
not spoiled products (% 
relative to #0) 
Proportion of spoiled 
products (% relative to 
#0) 
Energy consumption in 
kJ/product (% relative 
to #0) 
 Safety Sustainability 
Food 
waste 
#0: Current situation - - - 0.006  0.081 118 
#1: Recommended 
fridge T = 4°C 
u   0.004 (-43%) 0.033(-59%) 131 (+10%) 
#2: Placing RTE in cold 
zone of refrigerator 
u   0.006 (-16%) 0.081 (-26%) 118 (=) 
#3: Recommended 
fridge T = 7°C 
 u  0.005 (+30%) 0.061(+17%) 112 (-5%) 
#4: More performant 
refrigerator 
 u  0.006 (=) 0.081 (=) 90 (-31%) 
#5: Better week menu 
planning 
  u 0.005 (-14%) 0.035 (-57%) 106 (-11%) 
#6: More products cons. 
closed use-by-dates  
  u 0.007 (+16%) 0.115 (+42%) 128 (+8%) 
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